Graphene has emerged as the most popular topic in the active research field since graphene's discovery in 2004 by Andrei Geim and Kostya Novoselov. Since then, graphene research has exponentially accelerated because of its extraordinary properties, which have attracted the interest of researchers all over the world. For example, among the key properties are its thermal conductivity, electrical conductivity, optical transparency, and mechanical properties. These remarkable properties of graphene show its promise for applications in different industries including optical electronics, photovoltaic systems and others.
Introduction
Graphene is viewed as a two-dimensional (2D) nanostructure crystallite composed of a at sheet of carbon species that are congured in a hexagonal lattice or honeycomb lattice. Graphene is regarded as the fundamental building block for other allotropes;
1 for example, it can be wrapped up into fullerene (0D), rolled up into carbon nanotube (1D) and stacked up into many layers graphite (3D).
2 It was originally believed that this 2D material could not exist because it would be too thermodynamically unstable to exist until 2004 when Andre Geim and Kostya Novoselov used a rather simple technique to separate graphene layer from graphite.
2 These two great physicists used a common adhesive tape to mechanically exfoliate the layer of graphite into just a few layers of graphene repetitively.
Unexpectedly, the product of this method was high-quality graphene, which was desired to be produced by many researchers. This breakthrough in graphene has driven an explosive amount of research on graphene materials because of the amazing features of the graphene layer. Due to their groundbreaking experiments into graphene, they were awarded the Nobel Prize in Physics in 2010. 4 Since then, the publications of graphene have been increasing year aer year, which indicates the importance of graphene research. 5 Graphene possesses remarkable properties owing to its crystal structure. Graphene consists of carbon atoms in a hexagonal lattice on a 2D plane, commonly called a 'honeycomb lattice'.
2 Three atomic orbitals from carbon atoms, namely 2s, 2p x and 2p y , are hybridized into sp 2 orbitals. 6 These hybridized sp 2 orbitals form covalent s bonds with the neighbouring carbon atoms, with the carbon atoms separated by a distance of 1.42Å from each other. 7 This sp 2 hybridization of the orbitals lead to a hexagonal planar structure, which is referred to as a honeycomb lattice, as stated. The fourth orbital of carbon, 2p z , is oriented perpendicular to the planar structure, which is out of the plane to form a p bond. These p bonds from each carbon atom are then hybridized together to form the pband. The sigma bonds formed between the hybridized sp 2 orbitals are the reason for the toughness of the graphene lattice structure, whereas the band of the graphene contributes to the miraculous electrical conductivity of graphene.
graphene also possess extremely high intrinsic charge mobility (250 000 cm 2 V À1 s À1 ), 8 a high specic surface area (2630 m 2 g À1 ), 9 good thermal conductivity (5000 W m À1 K À1 ), 10 a great Young's modulus (1.0 TPa) 11 and high optical transmittance (97.7%). 12 The unique properties of graphene have attracted the research communities to carry out research on graphene. Furthermore, the combination of the unique properties of graphene can be extremely useful in various applications and have great potential to replace many current existing materials; 5 for instance, graphene can be used as exible electrodes due to its transparency, conductivity and elasticity.
Graphene can be synthesized by numerous techniques, including mechanical exfoliation, chemical synthesis, epitaxial growth on silicon carbide (SiC), chemical vapour deposition (CVD) and other methods. 13 There are several other methods accounted for; for example, unzipping nanotubes and pyrolysis of sodium ethoxide, 14 but these techniques require more extensive study so that the graphene layer is able to be produced. Among these methods, the most popular and promising way to synthesize graphene is CVD because it can produce high-quality graphene on a large scale. 15, 16 In recent years, there has been plenty of research regarding the synthesis of the graphene layer by a variety of methods, but these did not include discussions of the synthesis of monolayer graphene. Several high-impact review articles were published a few years ago, [17] [18] [19] [20] [21] which delivered great benets to many researchers. With the advancement of nanotechnology day by day, the latest information about graphene can be much more interesting for researchers to study.
Therefore, in this article, we present a review of the synthesis of monolayer graphene produced by a variety of techniques. In addition, this review will also report some major and representative characterization of single-layer graphene, including Raman spectroscopy, ultraviolet visible spectroscopy (UV-vis), transmission electron microscopy (TEM), eld emission scanning electron microscopy (FESEM), atomic force microscopy (AFM) and others. The growth mechanism of single-layer and multilayer graphene will also be further discussed.
2 Synthesis of single-layer graphene using different types of carbon precursors by CVD
Solid carbon precursors
To date, a number of methods have been established for graphene synthesis. Among these methods, CVD, chemical synthesis and mechanical exfoliation are the most commonly used today.
14 However, CVD is regarded as having the most potential as a promising way to synthesize high-quality, hugearea and single-layer graphene. 15, 16 Therefore, in recent years, the CVD technique has become the focus of researchers for the synthesis of graphene layers. The CVD technique applies the decomposition of the carbon source molecules to synthesize graphene lm in which a variety of precursors, including solid, liquid and gas precursors, have been used. 16 One article about the synthesis of graphene lm using CVD was demonstrated 2006, where a camphor precursor was decomposed on nickel foil. 22 A TEM image of the graphene lm grown by utilizing camphor as a precursor is shown in Fig. 1 . Although there were problems encountered, such as reducing the number of graphene layers as well as decreasing the folding on the graphene lm produced, which have still have not yet been solved, this successful experiment represented a great leap forward to synthesize a single-layer graphene layer using the CVD technique.
Besides, poly(methyl methacrylate) (PMMA) was another solid carbon precursor demonstrated by Sun and co-workers.
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A low temperature of 800 C was applied to the graphene synthesis process. Furthermore, sucrose (C 12 H 22 O 11 ) and uo-rene (C 13 H 10 ) serving as the additional solid carbon precursors were also exploited to produce a high-quality single-layer graphene lm, where no D peak was observed. In addition, a lower decomposition temperature was required for the process when polystyrene was utilized as the carbon precursor, because the C-H bonds in polystyrene are comparably weaker, thus less energy is needed to decompose polystyrene. 24, 25 Hence, this renders a simpler and more convenient choice for the production of single-layer graphene. Besides, another solid carbon source, namely hexachlorobenzene (HCB), was employed to grow graphene by a modied CVD method, as reported by Gan and co-workers. 26 The process was similar to a normal CVD method, but only a low temperature of 360 C was needed and all the chlorine atoms were required to be removed so that highquality single-layer graphene lms could be produced. Copper metal foils did not act merely as substrates, on the contrary, the copper foils helped in increasing the rate of HCB dechlorination so that the graphene layers could be formed at very low temperature, 26 as observed in Fig. 2 . In addition, the quality of graphene produced at 560 C was comparable with the quality reported by Sun and co-workers. 23 Most interestingly, Gan and co-workers used a much lower temperature.
On the other hand, graphene lms can be also synthesized using solid waste. Sharma et al. 27 utilized solid waste plastic rich in polyethylene and polystyrene-based polymer components. The pyrolysis of waste plastic can generate polymeric components to provide the carbon source for the production of graphene layers. A highly crystalline monolayer graphene was characterized at four different points using Raman spectroscopy, as displayed in Fig. 3 . The outcomes illustrated that the low and the high injection rates of polymeric components generated from the pyrolysis of the waste plastic could produce single-crystal and bilayer or few-layer graphene lms, respectively. Moreover, big hexagonal and circle pattern single-crystal graphenes were produced successfully by controlling the pyrolysis rate of the waste plastic.
In a similar study demonstrated by Ruan et al., 28 food, insects, and waste were promoted as carbon precursors to grow single graphene lms. By using the waste to grow graphene layers, a novel method to transform waste materials into useful carbon product sparked a new idea in graphene synthesis. Furthermore, the quality of these product graphene layers produced from the waste was comparable with common carbon sources, such as methane.
Graphene growth via the CVD process remains a reliable way to produce graphene due to its scalability and potential to produce high-quality graphene lm. However, it is an inefficient method as well because it requires high temperature. 29 Therefore, by incorporating plasma into the CVD process of the production of graphene lms, the production of graphene lms could be realized under less stringent conditions, namely at a lower process temperature. Lee et al. 29 successfully synthesized graphene sheets larger than a hundred nm 2 in an area by using plasma-enhanced (PE)-CVD. Multi-wall carbon nanotubes (MWCNTs) were taken for a ball-milling process and graphene nanopowders were fabricated. Subsequently, the graphene nanopowders were utilized as the precursor of the PE-CVD process. Characterization then evidenced the presence of high-quality pure monolayer graphene sheets.
Besides the aforementioned solid carbon precursors, coronene 30 and polycyclic aromatic hydrocarbon 31 demonstrated their potential in the synthesis of high-quality graphene, with a very weak or negligible D peak observed.
Gas carbon precursors
Hydrocarbon gas precursors, such as methane, ethylene (reaction at 1000 C) [32] [33] [34] [35] [36] and acetylene (reaction at 650 C) 37 are among the most popular carbon sources used for synthesizing graphene. 38 Among the gaseous carbon precursors, methane (CH 4 ) is commonly used to synthesize graphene layers. For example, Lewis's group employed diluted CH 4 gas to synthesize graphene on nickel lms deposited over complete Si/SiO 2 wafers, which was a great benet for device fabrication. 39 The results showed that a mixture of single-layer and few-layer graphene lms were produced. Moreover, Chen and co-workers 40 demonstrated the synthesis of high quality and excellentcrystallinity monolayer graphene sheets using CH 4 as the carbon source. On the other hand, the fastest CVD graphene synthesis reported was produced using CH 4 by Li's group, 41 in which they successfully acquired continuous monolayer graphene lms in 2 min at the reaction temperature of 1035 C. Besides, CH 4 can also be used in PE-CVD as the carbon precursor gas to synthesize single-layer graphene lm. With using CH 4 as the precursor gas and in the absence of a hydrogen gas ow, the production of monolayer graphene lm on top of a Cu foil by PE-CVD was reported by Kim's group. 42 It was found that the quantity of hydrogen species decomposed from the CH 4 gas in the decomposition of the CH 4 gas was sufficient for the single-layer graphene synthesis. Moreover, the plasma power of PE-CVD could affect the quantity of hydrogen species decomposed from CH 4 gas. Thus, it was evidenced that CH 4 acted not only as a carbon source for PE-CVD but also as a hydrogen gas source for the process.
By implementing plasma into the CVD graphene growth process, graphene growth could be conducted at a comparably lower temperature. For instance, Chan et al. 43 successfully synthesized high-quality single-layer graphene lm on a Cu foil at 600 C using plasma-assisted thermal CVD. Various mixture fractions of hydrogen and methane gas precursors were investigated to produce graphene lm via plasma-assisted thermal CVD. It was found that a high-quality graphene lm could be synthesized by utilizing a high hydrogen concentration. In another study, a temperature as low as 450 C was reported to grow a graphene layer on Ni foil via microwave plasma CVD (MPCVD) by Kim's group. 44 A hydrogen and CH 4 mixing ratio of 80 : 1 was used to obtain large-area monolayer graphene lm. Single-layer graphene was produced by only using a short process time by using CH 4 gas via radio-frequency PE-CVD, as demonstrated by Qi et al. 45 It was found that the process time and the carbon precursor gas ow rate could directly inuence the number of graphene layers produced. In conclusion, the CVD process assisted by plasma was able to synthesize goodquality graphene lms at low temperature and low cost. In addition, the synthesis of graphene lms for electronic device applications at low temperature is advantageous as a low temperature process in electronic device manufacturing is crucial.
Another type of hydrocarbon gas precursor that is widely used to synthesize graphene lm is ethylene (C 2 H 4 ). Addou and co-workers 46 synthesized single-layer graphene lms by ultrahigh vacuum (UHV) CVD using C 2 H 4 as the precursor. Whereas CVD graphene growth is commonly conducted using a high temperature, in contrast to this, Addou and colleagues achieved monolayer graphene growth on nickel substrates at an optimum temperature of 550 C, which is well below the graphene phase-stability temperature of 650 C. Beyond this phasestability temperature, the disintegration of the graphene layers may start, whereas at low temperatures (<500 C), surface carbide will prevent the graphene layer from forming. In addition, Cazzanelli et al. 47 also utilized ethylene as a carbon precursor by CVD to grow single-layer graphene lm in high vacuum conditions on a platinum (Pt) substrate, which was thoroughly cleaned and properly oriented. It was reported that the monolayer graphene lm synthesized was found to have two different orientations with respect to the Pt substrate used. Besides, Sagar's group 48 investigated the formation of graphene lm on different metal catalysts via the CVD process using C 2 H 4 as the carbon precursor. It was found that by using similar experimental conditions, high-quality graphene lms could be synthesized using a pressure of 0.2 MPa regardless of whether it was on copper or nickel foils.
Besides, by using acetylene (C 2 H 2 ), Mueller and co-workers 49 successfully achieved the synthesis of monolayer graphene lm on copper foil by the route of UHV-CVD. The synthesized graphene lm was comparatively high quality as compared to graphene lm grown by low-pressure or atmospheric CVD. However, copper sublimation is a signicant issue for using UHV-CVD process to produce graphene lm. In another research, Woo et al. 50 performed a completely uniform monolayer graphene synthesis on a metal thin lm using C 2 H 2 as the carbon precursor via inductively coupled PE-CVD (ICPCVD). By changing the metal substrate to doped alloys, a complete monolayer graphene lm could also be grown using C 2 H 2 as the gas precursor. It was found that the advantage of using Nidoped copper alloy was that an even lower process temperature was needed compared to with the pure Cu substrate. It was suggested that Ni-doped bimetal alloy lm might be a more economical alternative catalyst for complete monolayer graphene synthesis at low temperature.
Different types of metal foil have been used as templates to synthesize graphene for years, including the utilization of other types of templates such as quartz glass, 51 mesoporous metal oxide, 52-54 NaCl 55 and 3D metal foams.
56-59
The prepared 3D graphene foams consist of an interconnected graphene network, which acts as a channel for fast electron transport for high electrical conductivity. [56] [57] [58] [59] The measured electrical conductivity of graphene foam/ poly(dimethyl siloxane) composites was $10 S cm À1 with loading as low as $0.5 wt%. 58 The same results were obtained by Min et al., 59 who reported an electrical conductivity of 17.5 S cm À1 and a high specic surface area of 145 m 2 g À1 because of the highly congested, porous and interconnected structure. Furthermore, the graphene foam also demonstrated good stability in stretching, bending and folding tests.
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Besides, the porous graphene network formed by using mesoporous metal oxide has a high specic surface area of 1448 m 2 and 380 mA h g À1 remained at 5 C and 10 C, respectively.
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However, a capacity of 434 mA h g À1 with an ultraow cyclic fading rate of 0.11% for 150 cycles was achieved at a current density of 0.5 C, as reported by Tang et al. 53 
Liquid carbon precursors
Liquid precursors have attracted the interest of many researchers 60,61 due to the liquid precursors being more available and more economical compared to hydrogen gas precursors. Liquid carbon sources, such as benzene, 62,63 methanol 64 and ethanol, 65 have been employed as carbon sources to synthesize good-quality graphene lm using CVD. Gadipelli et al. 64 utilized benzene and methanol to grow graphene lms on copper foil. It was shown that by using these liquid carbon precursors, the usage of large amounts of explosive gas, like methane and hydrogen, can be omitted, since hydrogen, CO and methane can be produced during the catalytic decomposition of methanol. Hence, in this way, the safety of the personnel carrying out the experiment is guaranteed. Besides, methanol is also found to be an inhibitor of amorphous carbon growth.
Guermoune's group 66 demonstrated various alcohols as liquid carbon precursors to produce good-quality monolayer graphene on copper foils by CVD. A comparison was done on the quantity and quality of the monolayer graphene lms that were synthesized at a reaction temperature of 850 C and duration of 5 min, using different types of alcohol, namely ethanol, propanol and methanol as well as methane gas. The quality of the graphene lms produced using the alcohol precursors were on a par with that of graphene lms synthesized using CH 4 , as shown in Fig. 4 (a). Ethanol is one of the most common liquid carbon sources that are widely used to synthesize monolayer graphene lms. In current research, Lisi and colleagues 67 explored the feasibility of using ethanol as a carbon precursor in the synthesis of graphene, and found it promoted a fast growth rate in graphene synthesis. The results showed that a monolayer graphene sheet was synthesized and that it fully covered the whole copper substrate surface aer exposing it at a low pressure of ethanol in the reaction time of 20 s. By comparing ethanol to other regularly used liquid precursors, ethanol appears to be a more efficient carbon precursor. The use of ethanol in graphene synthesis can be an advantage for industrial production, as it avoids the use of hazardous gas lines and pressurized cylinders because ethanol is very safe and inexpensive.
In another research conducted by Campos's group, 61 the application of 2-phenylethanol and ethanol to produce monolayer graphene were demonstrated. They disclosed that monolayer graphene synthesized using ethanol covered a greater area of the substrate and had greater continuous layer formation, as well as a shorter synthesis time compared to that of 2-phenylethanol, as shown in Fig. 4(b) . Furthermore, it led to a bigger dimension of monolayer graphene synthesized from ethanol in comparison with the graphene akes. In addition, decomposition of benzene at a very low reaction temperature of 300 C to synthesize graphene lms was also demonstrated by Li et al. 63 Although, a larger size of graphene akes could be formed at a growth temperature of 500 C, high-quality singlelayer graphene akes could be achieved at a reaction temperature of 300 C when benzene was used as the liquid precursor.
Besides, a novel carbon precursor, namely hexane, has been utilized in the synthesis of graphene lms by Srivastava's group, in which a mixture of large areas and uniform and continuous mono-and few-layers graphene could be produced. 68 This novel synthesis method could be used to synthesize doped graphene lms by using different organic solutions comprising dopant atoms.
3 Other synthesis methods of graphene
Thermal annealing
Besides the CVD method, monolayer graphene lms have been recorded to be synthesized by many other approaches. Orofeo et al. 69 reported that large-dimension, homogenous, monolayer graphene lms could be produced by annealing amorphous carbon sputtered onto cobalt (Co)/sapphire and nickel (Ni)/ sapphire substrates. Fig. 5 illustrates the schematic ow of the procedure to synthesize a graphene layer via the mentioned annealing amorphous carbon technique. The Co and Ni metal lms sputtering on the sapphire substrates was validated as the key step to improving the crystallinity of the metals and assisting the formation of single-layer graphene. This was because highly crystalline substrates with less grain boundaries can promote the formation of a monolayer graphene lm. Moreover, Carlo's group also evidenced that the cooling rate had no inuence on the uniformity of monolayer graphene layer in comparison to the ordinary synthesis method using CVD and polycrystalline metal substrates.
Li et al. 70 successfully produced a mixture of mono-and fewlayer graphene lms by using annealing of a Co lm deposited on a SiC substrate at 900-1000 C, subsequently fast cooled in a water bath. The graphene layer was formed by the diffusion of free carbon from the SiC substrate in the rapid cooling process aer Co reacted with Si. It was found out that the optimal conditions for monolayer graphene could be obtained by varying the Co lm thickness, the annealing temperature or duration, and the cooling rate of the Co/SiC substrate aer annealing.
Unzipping CNTs
Another technique to synthesize a graphene layer is to unzip single-walled carbon nanotubes (SWCNTs 71 found that DWNTs are better precursor material to be unzipped to form GNRs. Fig. 6 illustrates the unzipping process of DWNTs to form sGNRs. Initially, defects were induced in the DWNTs by annealing them in the air at 500 C, followed by dispersing them in an organic solution. Before the dispersed DWNTs were unzipped into highquality double-layer (d)-GNRs, they were subjected to sonication treatment. Aer that, the dGNRs were further sonicated in order to form sGNRs individually. Those steps produced sGNRs, which are crucial for the advancement of graphene-based electronics.
Solvothermal
The solvothermal synthesis method is another way to produce single-layer graphene lm. To obtain sodium ethoxide, ethanol and sodium were used as the carbon precursors for the solvothermal process in the rapid pyrolysis of sodium ethoxide to yield a graphene layer. 72 Besides, Singh et al. 73 synthesized graphene layers using the thermal decomposition of ethyl alcohol. The produced graphene layer was investigated using high resolution transmission electron microscopy (HRTEM) to conrm its high quality aer purication. Furthermore, AFM analysis was conducted on the synthesized graphene sheets and showed that a mixture of monolayer to trilayer graphene sheets was produced. Therefore, the solvothermal method is a viable process to produce single-layer graphene lm, which makes it a quite attractive method due to its comparably safer and cheaper process than other methods.
Electrochemical
It is very interesting when another electrochemical route was reported Alanyalıoglu et al., 74 who synthesized graphene lms with a thickness near to monolayer by using two steps: the After cooling down to room temperature, a thin layer of amorphous carbon (a-C) was sputtered on top of the metal film. The substrate was then annealed after reaching a vacuum pressure of $3.0 Â 10 À4 Pa using the process steps in (c). (1) The a-C/metal/sapphire was rapidly heated to the annealing temperature (750-800 C) for 1.5 min. (2) The substrate was then kept at the peak temperature for 5-10 min. At this point, the a-C is expected to dissolve into the metal film. (3) After staging, the substrate was then cooled down at a controlled rate. (d) After annealing, graphene is formed on the surface of the metal, followed by transfer onto SiO 2 /Si (e) for further analyses. This figure has been adapted/reproduced from ref. 69 with permission from Springer. electrochemical intercalation of sodium dodecyl sulfate (SDS) into graphite and the electrochemical exfoliation of the SDSintercalated graphite, as shown in Fig. 7 . The features of the produced graphene sheets were greatly affected by the value of the electrode potential for the electrochemical intercalation of SDS into graphite layers, for example, the number of graphene layers, dimension and the structural order. It was found that the intercalation process could only take place when the electrode potentials were higher than 1.4 V, while a strong intercalation potential was used to produce monolayer graphene lms. The intercalation method has an advantage to the exfoliation process because it can avoid the individual exfoliated graphene sheets restacking again in the solution by having surfactants adsorbed on the surface of the graphene lms. Therefore, the successful production of a huge volume of reduced structured graphene lms could be a new path targeted by scientists for various applications.
Yu et al. 75 employed highly oriented pyrolytic graphite (HOPG) as a carbon source to exfoliate graphene from HOPG with a size of about 510 nm 2 using the electrochemical exfoliation technique. Fig. 8 illustrates the schematic of the circuit connection of HOPG. HOPG was attached to a tungsten wire by a silver pad and then it was inserted into the electrolyte as the anode of the circuit. A platinum (Pt) sheet was used as the cathode of circuit in parallel with the HOPG. The electrochemical exfoliation method successfully synthesized nanometre-size and high-quality single-layer graphene. This developed technique is important for the realization of conductive lm for fuel cell applications.
Thermal decomposition
SiC has been widely used to grow carbon-based materials even before graphene's discovery in 2004. 76 A single-crystal SiC substrate was heated up to a high temperature of more than 1000 C in an ultrahigh vacuum chamber to prompt the sublimation of silicon (Si) atoms on the SiC surface. Following the sublimation of Si atoms, the subsequent graphitization of the surplus carbon atoms could occur on the surface of the SiC substrate, 77 and thus, graphene lms were formed. Yu and colleagues 78 developed a novel way to produce high-quality epitaxial graphene sheets, named the 'face-to-face' method. An illustration of the face-to-face growth design model is shown in Fig. 9 . Two SiC substrates were xed on top of the other SiC substrates surface with a small gap of 25 mm in between them. During the graphene growth process, both the SiC substrates were heated simultaneously. By using the heating temperature of 1530 C and governing the Si sublimation rate, the carbon atoms were reconstructed to form single-layer graphene. AFM measurements showed that the uniformity of the graphene was enhanced by using the face-to-face synthesis technique as compared to the traditional decomposition approach.
Ball-milling exfoliation
In addition, single-layer graphene layer has been synthesized using a ball-milling exfoliation method by Del Rio-Castillo et al. 79 This unique ball-milling exfoliation method is a simple, cheap and eco-friendly way to obtain high-quality graphene layers. Antonio's group used melamine (melamine: 2,4,6-triamine-1,3,5-triazine) as the exfoliating agent and carbon bres as the carbon precursor material. The addition of a small amount of solvent during the ball-milling process of carbon bres greatly enhances the exfoliation process, therefore allowing the dispersion of single-layer graphene. In addition, they also demonstrated the use of Hansen solubility parameters to differentiate between single-layer graphene and poorly exfoliated bres. This method offers an easy, inexpensive and expandable production technique to synthesize monolayer graphene.
Calcination
Besides, Wang Fig. 10 illustrates the growth processes of a graphene sheet. The benet of this practice is that the zeolite MCM-22 could inuence the number of as-produced graphene layers. In addition, the size distribution of the MCM-22 nanosheets (50-820 nm) were very close to the 2D graphene sizes (65-650 nm) due to the template effect. Therefore, with its excellent electrochemical capacitance properties, the synthesized graphene was suitable for use in supercapacitors.
Irradiation of highly charged ions
Besides, monolayer graphene produced on the HOPG surface has been reported by Peng et al. 82 Here, HOPG basal surfaces were bombarded by highly charged xenon, Xe
ions to modify the solid surface. The large potential energy carried by Xe ions can be deposited onto the HOPG surface and eventually modies the solid surface and leads to the nanosized structure. found that bombardment using Xe 5+ onto the HOPG surface tended to form monolayer graphene more than when using other Xe ions. On the other hand, it was observed that using a higher irradiation dose of Xe ions effectively destroyed the graphite structure and no monolayer graphene was formed. Therefore, monolayer graphene was easier to be synthesized by the effect of reduced charged state ions with lower doses. This novel method could pave a way for more variety in the ways of graphene production in the future. Apart from HOPG used as the template, the use of nickel for the deposition of Zn and Bi to synthesize single-layer graphene was demonstrated by Aminalragia Giamini and co-workers.
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They showed that Zn and Bi altered the surface of nickel, prohibiting the growth activity of multilayer graphene. Thus, a low temperature of 600 C was used to grow high-quality single-layer graphene, which indicated a much better enhancement compared with bare nickel.
Epitaxial growth
On the other hand, a composition of metal deposited on a HOPG could be a new type of catalyst for the synthesis of graphene lms. It was reported by Xu and colleagues, 84 whereby the deposition of nickel lm on the surface of a HOPG substrate was done prior to the synthesis of monolayer graphene at reduced temperature. The synthesized monolayer graphene has uniform thickness and covered ca. 100% of an entire 2 cm Â 2 cm nickel substrate. Similar to CVD, carbon species diffused out from HOPG substrate via the nickel substrate during the annealing process and precipitated on the nickel substrate to form single-layer graphene sheets. However, in order to achieve a graphene layer with a well-controlled thickness and crystal structure, the annealing temperature and time were the crucial parameters optimized to control the quantity of carbon atoms for the synthesis of monolayer graphene sheets.
The epitaxial growth of single-layer graphene is not a new technique nowadays. It was demonstrated by Gao et al. 85 using a surface segregation technique. X-ray photoelectron spectroscopy (XPS) revealed the interaction between graphene and Pd(111) is very weak, where no charge transfer occurs. Gao and co-workers found that, a high annealing temperature of more than 820 C inhibited the formation of graphene as the majority of carbon atoms had dissolved into the Pd substrate. Furthermore, a thermal decomposition of C 60 on copper by using supersonic molecular beam (SuMBE) epitaxy at a reaction temperature of 645 C (below the conventional graphene synthesis CVD temperature of 1000 C) was demonstrated. The researchers found that a high kinetic energy affects the synthesis of graphene and could occur with several types of metallic or semiconductor substrates at lower synthesis temperatures. 
Mechanical exfoliation
Andrei Geim and Kostya Novoselov separated a graphene layer from HOPG for the rst time using a mechanical exfoliation method 2004. 3 However, the disadvantage of this method was that only a tiny surface area of the single-layer graphene lm could be acquired. Thus, Shmavonyan et al. 87 successfully produced a larger surface area of monolayer graphene by additionally cleaving few-layer graphene near the monolayer region. Aer the additional cleaving, the surface area of the synthesized single-layer graphene was signicantly enlarged, as depicted in Fig. 11 . The AFM results of the produced single-layer graphene also showed a height of 0.66 nm, which was in agreement with the theoretical thickness of single-layer graphene sheets. 
Liquid-phase exfoliation
The production of a graphene layer through the liquid-based exfoliation of graphite is typically a promising technique for large-scale graphene synthesis. 88 Previously, Zhu's group 89 successfully synthesized large-scale, good-quality graphene nanosheets through the liquid-phase exfoliation of graphite in a solvent of N,N-dimethylformamide (DMF) and water. By using DMF as well, Liu et al. 90 utilized supercritical DMF to exfoliate expandable graphite into few-layers graphene and then repeated the same procedure to exfoliate the few-layer graphene into monolayer graphene. A supercritical uid possesses a pressure and temperature above its critical point, where it does not exist in distinct gas or liquid phases.
91 Fig. 12 illustrates the process ow for fabricating monolayer graphene by using supercritical DMF exfoliation. It was found that the optimum process parameters to produce graphene layer were a concentration of 2 mg ml À1 , at a temperature of 673 K, and with a volume ratio of DMF of 0.67. The produced graphene sheets had less defects than other chemical methods reported, which indicates the high quality of the resultant graphene layers. Therefore, this method is inexpensive, simple to scale up and generates less toxic waste as compared to the reduction of graphene oxide (GO) via the chemical route, which involves hydrazine hydroquinone and dimethylhydrazine. In addition, graphene layers have been synthesized by using a graphite dispersion in aqueous surfactant solutions. Yumin's group 92 reported ultrasonic-dispersed graphite akes in sodium cholate and polyoxyethylene nonylphenyl ether aqueous solution and consequently, ultra-centrifugation of the solutions was carried out. The Raman and AFM results revealed that the graphene samples were in single-layer and few-layers graphene. However, further research on the size control needs to be conducted to improve the dimensions of the synthesized graphene sheets. In another liquid exfoliation process, Chen et al. 93 demonstrated the high production of monolayer graphene microsheets with controlled dimensions using a simple hydrothermal treatment of GO sheets. The addition of a polymer, like poly(vinyl pyrrolidone) (PVP), can weaken the interaction between the micro-sheets and prevent the aggregation of graphene micro-sheets during the reduction process. Besides, the addition of PVP could preserve the morphology of the synthesized graphene micro-sheets as well. The dimensional control of the graphene micro-sheets produced was achieved by manipulating the reaction temperature. Thus, the synthesis of micro-sheets with desired sizes shows promising potential for application for high-performance polymer composites due to the high yield and cost-effective process.
Thermal exfoliation

Korobeinyk and colleagues
94 reported a facile process for the simple production of carbon nanomaterials by carbonization of a co-polymer. In the carbonization of polyacrylonitrile (PAN) co-polymer, a mixture of carbon nanobres and mono-and multilayer graphene were produced. The co-polymer was initially subjected to heat treatment, and during the carbonization stage, shrinkage of the monolith occurred, which led to exfoliation to form single-and multilayer graphene. The AFM results depicted that the height of the individual graphene ake was consistent with the previous report. 95 This non-catalysed growth of carbon nanomaterial offers an alternative route for graphene synthesis at lower cost and causes only a small amount of damage to the produced nanomaterial.
Transfer of graphene
CVD has been most widely employed among several synthesis approaches for high-quality graphene because of its advantages, such as being able to produce large-area and high-quality graphene at economical cost. Applying CVD-grown graphene to electronic applications, a transfer process is needed to move the graphene lm to the dielectric substrates from the catalyst it was synthesized on. In recent years, besides the advancement in graphene synthesis, advancements in the transfer methods onto the target substrates have also been reported. The methods are classied into mechanical exfoliation, 3 polymer-assisted transfer [96] [97] [98] [99] and continuous transfer by a roll-to-roll process, 100,101 as well as transfer-free methods, including the direct synthesis on the dielectric substrates. 102, 103 All graphene transfers involve the use of chemicals, with the experiments conducted in dry or wet conditions. Thus, we categorized all the methods into two different types: wet chemical and dry chemical methods.
Wet chemical methods
The rst proposed approach for graphene transfer was the widely used method of etching a metal substrate called the 'wet transfer method'. The transfer process is generally conducted by coating a protective layer of polymeric polydimethylsiloxane (PDMS) or PMMA over the graphene lm, followed by etching of the underneath substrate, such as copper, in etching solvents.
There are many types of etching solvents, such as iron chloride (FeCl 3 ), hydrochloric acid (HCl), nitric acid (HNO 3 ), iron(III) nitrate (Fe(NO 3 ) 3 and copper chloride (CuCl 2 ).
Apart from this method, Her et al. 104 presented a new graphene transfer procedure using acetic acid, which could removed the residue that was commonly found in standard acetone treatments. Fig. 13 presents a comparison of the applications of acetic acid and acetone methods to etch SiO 2 . In both methods, the same graphene transfer procedure was used, but the etching solvent was different. Fig. 14 displays the comparison results between the acetone-and acetic acid-based transfer methods characterized by light microscopy, AFM and Raman spectroscopy. There was no obvious folding or tearing in the graphene layer on either of the transfer methods. Therefore, a very clean graphene surface can be yielded with these relatively simple graphene transfer methods. They also produced defect-free graphene surfaces, which could be deposited on various target substrates for different applications.
Lin et al. 105 demonstrated the transfer of a large-scale graphene lm to a target substrate by using a novel technique without polymer, which resulted in a product with better properties compared to the conventional polymer-assisted methods. Fig. 15 illustrates the process ow to prepare a large-area single-layer graphene lm, which could be directly deposited on any substrate for further application. A mixed solution of isopropyl alcohol (IPA) and 0.1 M ammonium persulfate solution ((NH 4 ) 2 S 2 O 8 ) at a ratio of 1 : 10 was used as the etchant to etch the copper substrate. Single-layer graphene lm oated on top of the solution aer the copper substrate was etched by the mixed solution. The etchant was then substituted by a mixture of DI water and IPA in order to control the surface tension. The oating graphene lm was then transferred to the desired substrate and it was found that the resultant graphene lm was free of organic residues.
In another research report, Barin's group 106 studied the effects of varying the parameters of each step in the transfer method using PMMA polymer on the end product features, such as structure and electrical properties. It was found that by using double layers of PMMA deposition, a better quality of transferred graphene layer could be achieved. The time for the postbaking process of the transferred graphene layers was also crucial in inuencing the condition of the graphene lms; whereby a shorter baking time of the graphene lms of around 5 min resulted in cracks and wrinkles on graphene layer during PMMA etching, because of the insufficient time for the dissolution of the leover water content between the graphene lm and the substrate. However, a longer period of baking time resulted in a greater quantity of residues of PMMA on the surface of graphene lm. AFM images of samples with a PMMA layer baked with various different parameters are shown in Fig. 16 .
Liang's group 107 developed a simple modied RCA clean transfer technique to remove Cu and/or Fe residues, which are very hard to be cleaned off thoroughly using traditional transfer techniques. In this method, control of the hydrophilicity of the targeted substrates and baking was combined with the efficient modied RCA clean process to reduce the amount of cracks and the impurity level of the transferred graphene. Fig. 17 displays the process ow of the simple modied RCA clean process. This demonstration proved a big leap forwards toward large-scale graphene-based electronic device applications.
A new novel graphene transfer method involving reverse transfer onto target substrates was developed by An's group.
108
Compared to conventional approaches, this novel method performs better in terms of the density of cracks in the graphene and the impurity levels. Fig. 18 illustrates the overall schematic diagram for the fabrication of graphene by using this new novel transfer method. The process ow of the mentioned transfer method is similar to conventional methods. Aer the copper catalyst was thoroughly etched away by FeCl 3 etchant, the bilayer comprising the PMMA/graphene was cleaned with pure water. The PMMA-coated graphene was reversely located on the desired substrate against the side of PMMA. Consequently, no extra process to discard PMMA lm was needed in this PMMA reverse transfer technique. In contrast, the PMMA lm in between the graphene layer and polyethylene terephthalate (PET) exible substrate increased the adhesion of the graphene onto the substrate. Furthermore, the layer-by-layer assembly technique is effective to avoid the aggregation of PMMA residue accumulation between graphene layers before they are transferred onto exible substrates, as testied by Cheng's group.
The direct growth and easy transfer method on a new substrate is highly important for semiconductor production lines, such as for the production of transistors, optoelectronics modulators, on-chip biosensors and tunnelling barriers.
109-111
Therefore, Gao and co-workers 112 invented a novel face-to-face transfer method, in which graphene lm was grown in a wafer-scale and then transferred one wafer at a time. This transferring approach depends on the formation of nascent gas bubbles and capillary bridges between the graphene-substrate interfaces during etching of the underlying metal substrate. Compared to the previous studies on wet 96, 98, [113] [114] [115] or dry 100, 116 transfer methods, this novel approach can synthesize graphene layers with a much lower density of transfer defects. Fig. 19 shows the schematic drawing of the comparison of the process with and without 'bubble seeding' by plasma treatment. During the metal substrate etching process, plasma pre-treatment of the substrate facilitates the capillary bridges to form, which result in the synthesized graphene lm remaining attached on the substrate without undergoing delamination. The etching of the copper substrate caused the copper to dissolute and created voids and channels, which allowed the inltration of the liquid etchant in between the synthesized graphene lm and the underlying substrate. Graphene is hydrophobic in nature, in which an instability of the planar interface can be produced between the so graphene lm and water molecules. Thus, capillary bridges in between graphene-substrate interfaces were formed by the assistance of the emergence of bubbles during the etching process of the metal substrate. Therefore, the plasma pre-treatment played a vital role in transferring the graphene lm. In Fig. 20 , the as-synthesized graphene before Fig. 13 Schematic of graphene transfer. PMMA was deposited on a graphene layer and cured at 115 C for 2 min. The graphene-PMMA stack was then detached from the substrate in a sodium hydroxide bath and subsequently deposited on a target substrate. Finally, the PMMA was dissolved using acetone or acetic acid and then rinsed in a mixture of methanol and water. This figure has been adapted/ reproduced from ref. 104 with permission from Elsevier.
transfer shows an insignicant D band, which indicates nearly no defects are present. On the other hand, both the oat-transferred and face-to-face transferred graphene display minor D peaks, where the face-to-face transferred graphene has a higher 2D band than that of the oat-transferred graphene, indicating its higher crystalline quality.
Apart from this method, Kaah et al. 117 utilized polypropylene (PP) and polyvinylidenediuoride (PVDF) as target substrates to transfer a graphene lm for water desalination. In order to transfer graphene onto the target substrate, their process involved the wet etching of a copper substrate aer the grown graphene lm was attached onto the target substrate. They found out that a low surface roughness, small pore size and fairly high hydrophobicity assisted the smooth and uniform transfer of the monolayer graphene lm onto the polymer membranes. Fig. 21 displays the schematic ow of the transfer of the monolayer graphene lm onto the polymeric substrate. This graphene transfer method applied ammonium persulfate (APS) as the copper etching agent to dissolve and remove the copper. Defects and tears of the transferred graphene can be sealed via interfacial polymerization using Nylon 6,6 to improve the blockage of the ions during the water desalination process.
Many researchers have utilized PMMA as the substrate to hold the graphene lm while the underneath copper substrate was etched away. However, Chandrashekar et al. 118 and Gupta, P. et al.
119 demonstrated a successful graphene transfer with the help of boiled distilled water. Hailin Peng et al. 118 reported that the copper foil was oxidized faster when the Cu/graphene/EVA/ PET lm was immersed in hot water. Moreover, the formation of an oxide layer reduces the surface energy of copper and eases the water inltration by modifying the copper foil from hydrophobic to hydrophilic.
120,121 Therefore, they believed that the adhesion force of graphene and copper in hot water was weakened and thus, the delamination of graphene from the copper foil was facilitated.
Dry chemical methods
There are also some new novel techniques to transfer synthesized graphene lm onto desired substrates for particular application purposes. In one experiment, Yang et al. 122 transferred graphene lm by the direct delamination technique from a metal substrate and, in turn, eliminated the need for the conventional metal etching process. This can overcome the issues such as the risk of physical damage to the graphene during the etching process. In detail, Yang's group immersed the CVD-synthesized graphene lm onto a metal substrate into aqueous poly(vinyl alcohol) (PVA) solution to form a PVA lm, which could act as a carrier to hold the monolayer graphene during the transfer process. Fig. 22 compares the optical microscopy (OM) pictures of the transferred graphene on a silicon substrate for with and without pre-treatment of the graphene growth substrate in PVA solution. Yang and coresearchers found that the transfer process with pre-treatment yielded graphene lm with a more continuous and almost void-free features than the graphene lm without pretreatment. Thus, this depicts that the PVA pre-treatment step plays a critical role in achieving a clean delamination of the graphene layer.
Besides, Ren et al. 123 reported an enhanced transfer of graphene by immediate taking up of the graphene with desired substrates as compared to the conventional PMMA-based transfer technique. The Raman results showed that the graphene lm synthesized by the direct transfer method was good quality in terms of the structure and no extra doping in the graphene layer. On the other hand, the PMMA-based transfer method introduces signicant n-type doping in the graphene transferred. Fig. 23 displays a comparison of the Raman spectra of the direct transfer and PMMA-based transfer samples. The higher 2D/G peak ratio indicates a cleaner surface of graphene layer than the PMMA-based transferred samples.
In addition, Yang's group 124 proposed a clean and effective transfer of graphene by the electrochemical etching of copper substrates, which preserved the quality of graphene. The continuous graphene lms were transferred with less contamination and also unexpected p-type doping was demonstrated as compared with the typical wet-etching in oxidant solutions. Fig. 24(a-c) display the OM, SEM and AFM images of the transferred graphene lm by the clean transfer method. The whole transferred graphene lm was tidy and endless, as shown in the OM image in the Fig. 24(a) . In agreement with the OM results, the SEM and AFM images in Fig. 24(b) and (c), respectively, demonstrate a smooth, continuous and at monolayer graphene lm without major cracks. Moreover, this technique was carried out under well-controlled oxidation potentials. The effects of different oxidation potentials on the quality of graphene was studied, as shown in the Raman spectrum in Fig. 25 , in which the etching rate of Cu was obviously increased with increasing the oxidation potentials. At a voltage of more than 2.0 V, the D band was seen for the transferred graphene, which is in contrast to that observed with graphene electrochemically transferred at different potentials below 1.0 V.
Fechine et al. 125 demonstrated a direct dry transfer method to transfer large-surface-area graphene onto a few types of polymers. The transfer method was conducted using mild heat and pressure combined with mechanical peeling of the starting substrate without electrochemical delamination or chemical etching. Fig. 26 displays the schematic of the procedure to transfer the graphene onto the polymer lm. The mechanical peeling of the metal foil from the polymer/graphene stack was conducted with moderate pressure and temperature aer graphene on the Cu foil was placed in contact with the polymer lm. This straightforward method did not need to use any extra material except for graphene on the metal foil and polymer lm. It was also found that the key to manipulate the graphene transfer was by ne-tuning the graphene transfer conditions.
In addition, Martins and co-workers 126 developed a method for the direct transfer of a graphene layer onto exible bulk substrates via lamination. The transfer technique did not require any intermediate transfer membrane, which otherwise would have needed to be detached subsequently. Fig. 27 shows the schematic illustration of the direct transfer process via lamination, which involves lamination followed by chemical etching of the Cu substrate. To adhere the synthesized graphene sheet to the target substrate, the lamination was done before the etching process. A variety of targeted substrates were studied and their properties were compared, and two crucial factors were identied that could ensure a successful transfer: the substrate's hydrophobicity and a good contact between the substrate and graphene layer.
In recent years, a dry transfer method using PDMS as a stamping polymer and a polyisobutylene (PIB) layer as the graphene-support polymer was reported by Milan et al.
127 Fig. 28 shows an illustration of the dry transfer technique using PIB as the support polymer. Aer the graphene lm has been transferred to the target substrate, the PDMS stamp was detached, and then the PIB layer was dispersed in an aliphatic solvent, namely hexane. They found that the use of an aliphatic solvent does not degrade the quality of the targeted polymer substrate. Hence, this cheap, fast and clean graphene transfer approach is suitable to be used to transfer CVD graphene onto polymer substrates with high accuracy and large outputs. Moreover, this technique is benecial to transfer graphene onto hydrophobic substrates. In another project by Song's group, 128 graphene was transferred by using a sacricial 'self-releasing' polymer layer placed between the PDMS stamp and the graphene lm (Fig. 29) . The self-releasing layer facilitated the delamination of the synthesized graphene lm onto a new targeted substrate.
The release layer possessed a smaller adhesion force with graphene than the targeted surface, which makes it advantageous. Besides, Song's group also proved a weakness of using PMMA, where the residue of PMMA reacted with the metal etchants leaving insoluble residues, which may deteriorate the quality of the transferred graphene.
128
Besides, Chen et al. 129 presented an economical and straightforward method to synthesize a graphene-based transparent conductive exible substrate. This method made use of a photolaminator and commercial laminating lm, which was made up of ethylene vinyl acetate (EVA) and polyethylene terephthalate (PET), to facilitate the graphene transfer process, as shown in Fig. 30 lamination of the target substrate onto a exible substrate, followed by electrochemical delamination (bubble transfer) of the graphene layer. The reuse of the copper substrate can decrease the synthesis cost and chemical waste.
Furthermore, a new technique called the 'room temperature rubbing method' using sand paper (Fig. 31 ) was demonstrated by Jiang et al. 131 Several advantages were highlighted, such as the method is suitable for both rigid and exible substrates, single-and few-layer graphene can be transferred to new substrates, the transfer time is 1 min, represents an eco-friendly transfer approach and it preserve the benets of previous rubbing technique, including room temperature and a cheap fabrication price.
Characterization of graphene
Raman spectroscopy
Raman spectroscopy is viewed as one of the most important characterization tools in graphene research 132 and it has been used as a non-destructive tool to characterize graphene lm. Carbon allotropes possess unique Raman characteristic peaks at around 1350, 1580 and 2700 cm À1 . 95, 133 These can help researchers to determine the layer number and the quality of the graphene layers synthesized. The G band represents the tangential stretching (E 2g ) mode of highly oriented pyrolytic graphite (HOPG), whereas the D band originates from the disorder in the sp 2 -hybridized carbon atoms and is characteristic of lattice distortions. [134] [135] [136] The 2D band originates from the second order Raman scattering process. [134] [135] [136] There are few reports demonstrating that graphene lm synthesized using a chemical reduction path contains a higher density of defects as compared to graphene prepared by CVD and other methods.
23,137 Fig. 32(a) shows the typical Raman spectra of graphene and graphite, where the prominent features of graphene are the appearance of three signicant peaks of D, G and 2D at 1350, 1580 and 2680 cm À1 , respectively. By comparison, both graphene and graphite showed a distinct difference in intensities of their D, G and 2D peaks, as seen in Fig. 32(a) .
Besides, the quality of graphene can be evaluated by calculating the ratio of the intensity of 2D/G (I 2D /I G ) from the Raman spectrum. A large ratio of I 2D /I G and a comparably minor amplitude of D peak implies that good-quality graphene has been synthesized. 132, 133 In Fig. 32(b) , graphene produced by CVD shows a much higher ratio of I 2D /I G as compared to mechanically exfoliated graphene. Therefore, CVD is the preferable choice to synthesize high-quality graphene. Moreover, the small bump of the D peak reveals that high-quality graphene layers were produced, as shown in Fig. 32(b) .
138
The number of graphene layers can be estimated, as demonstrated by Yoon et al.
133 Fig. 33 shows a comparison of the G, G* and 2D band intensities for different numbers of graphene layers. For the G band, it is clear to see that the band intensity increased with the increasing number of layers up to 7 layers only and then it decreased for thicker layer samples. Therefore, the difference in intensity of the G band provides some clue about the number of graphene layers. 133 For the Raman G* band, it has a relatively smaller intensity as compared to the G and 2D bands. It can be observed that the position of the G* band is shied slightly from 2455 to 2445 cm À1 with the increasing number of graphene layers. Besides, the G* band of monolayer graphene in Fig. 33(b) is sharper as compared to few-layer graphene lms. In addition, the 2D band of graphene can be used to differentiate between mono-, and more than one graphene layers. 133 In Fig. 33(c) , the 2D band of monolayer graphene has a sharper and greater intensity peak as compared to the others. Furthermore, Ferrari and co-workers also successfully differentiated mono-, bi-and several layers (<5 layers) by using Raman spectroscopy. 
FESEM and SEM
FESEM and SEM are widely used to investigate the morphological of graphene samples. An electron microscope has the same working principal as an optical light microscope, the only difference being that, instead of using visible light, highly energetic electrons are applied as the source in an electron microscope.
140 Also, the optical light microscope has limitations on its resolution due to the wavelength of the visible light source, whereas the wavelength of accelerated electrons is much shorter to enable extremely high resolution in SEM and FESEM.
141
Xiu-Yun et al. 142 obtained thin and at graphene lms, as shown in Fig. 34(a) , by the centrifugation of expanded graphite. The expanded graphite was puried by using hydrogen peroxide without the use of sulfur, which is a novel method to prepare exfoliated graphite as the precursor for graphene synthesis. Fig. 34(b) and (c) depict graphene akes that are transparent nanosheets, while Fig. 34(d) displays twisted and draped graphene lms. Fig. 35 (a) and (b) show that few-layer graphene (FLG) comprise randomly individual graphene lms, as synthesized by Khai and colleagues using a microwave-assisted solvothermal method. 143 The dimensions of the graphene sheets was in the range of 3 to 10 mm. In Fig. 35(c) and (d) , monolayer graphene sheets can be clearly seen at moderate and high magnications of the FESEM images, respectively. In addition, crumples on the surface of the graphene lm and folding at the corners can be observed clearly. On the other hand, in the fewlayer graphene lms also obtained by Gui's group 144 using a solvothermal route, wrinkles and agglomerations could be seen, which agreed with the work done by Khai et al. 143 The presence of residual oxygen-containing functional groups, including carboxyl groups (-COOH) and hydroxyl groups (-OH), attached on the sides of the graphene sheets might be the reason for the existence of wrinkles. 143 Hawaldar et al. 145 observed a graphene sheet synthesized using hot lament thermal CVD (HFTCVD) on a copper substrate using FESEM, as shown in Fig. 36(a) . Some wrinkles on the surface of the graphene lms formed on the copper substrate could be observed. Fig. 36(b) displays a highmagnication FESEM image of the transferred bilayer graphene sheets on a copper TEM grid. In another synthesis of graphene sheets by CVD technique, Dang and co-workers 146 discovered that the surface area of graphene nanoakes increased with an increase in the graphene growth time. This can be seen from comparison of the graphene nanoakes with growth times of 10 and 15 min, as shown in Fig. 36 (c) and (d), respectively. Fig. 37 shows the graphene lm prepared by microwave plasma CVD (MPCVD), labelled G1, and the chemically prepared graphene, labelled G2. 147 The graphene lm produced by MPCVD on the polished surface consisted of some wrinkles on most of the sample surface, whereas the graphene lm on the textured surface appeared to be deposited well on the surface. On the other hand, the chemically reduced graphene lms were deposited non-uniformly and thus, agglomeration on the polished and textured surface was seen. FESEM can produce clear and less electrostatically distorted images with high resolution. It is also an effective tool to study the surface morphology of graphene samples.
In addition, SEM characterization is also very popular in graphene research because of its cheaper price than FESEM and its ability to scan the images at moderate magnication. Tu et al. 148 demonstrated a CVD-synthesized graphene lm on a Cu substrate and transferred the graphene lm onto a Si substrate, as shown in Fig. 38 . Mostly continuous graphene was seen despite there being a few white areas of wrinkles on the surface, as observed in the SEM images. 
Nicola and co-workers
67 synthesized graphene lm on a copper surface by using ethanol as the carbon feedstock via the CVD process. The inuence of the growth parameters, i.e. reaction temperature and the growth time, were investigated on the synthesized graphene lm. Fig. 39 displays the SEM images of the graphene lm grown on the Cu substrate by varying growth times of 60 and 20 s, where a continuous graphene lm covered the Cu substrate. High densities of wrinkles were formed during cooling due to the difference in thermal expansion between the produced graphene lm and the copper substrate. Darker islands aligned in the direction of the lamination of the copper foils can be seen in the graphene lm, which indicate that the secondary nucleation was started in a short growth time. Besides, SEM was employed to monitor the in situ graphene growth in a carbon segregation process, as demonstrated by Takahashi and colleagues. 149 Several numbers of graphene layers were synthesized using different growth conditions, as shown in Fig. 40(a) , in which thicker graphene layers are seen as darker at the right-hand side of the image. In contrast, bilayer graphene shows an intermediate contrast, whereas monolayer graphene lm appeared as a slightly brighter contrast on the Ni surface. The change of contrast, as seen in the SEM images, was due to the change in the work function, which was 5.3 eV for the Ni(111) surface, 3.9 eV for the singlelayer graphene-covered surface and 4.6 eV for the graphite surface, and also due to the different numbers of valence electrons between Ni and graphite. 150 When the sample was cooled to room temperature in vacuum, the difference in contrast was improved (Fig. 40(b) ). Aer air exposure of the graphene sample, the colour contrast of the graphene layer changed signicantly due to the oxidation of the Ni surface, as displayed in Fig. 40(c) . However, the area covered by the graphene layer was protected from oxidation.
151
In addition, Fig. 41 shows the graphene lm synthesized on the surface of an iridium (Ir) substrate by using ethylene as a carbon precursor via CVD.
152 Fig. 41(a) displays the results from when a relatively low dose of 10.8 L at 800 C was used, in which it can be seen that many dark circular graphene islands with uniform diameters are formed. However, the continuous at lm was observed when a higher ethylene dose of 18 L was used. The absence of colour contrast in Fig. 41(b) indicates that a coherent graphene layer covered 100% of the Ir substrate surface. In another investigation on the effect of the amount of CH 4 , a low CH 4 concentration produced a 70% area coverage of the Cu substrate surface by graphene, compared to full area coverage under high CH 4 concentration conditions, as shown in Fig. 42(a) and (b). 
TEM
TEM utilizes very high voltage electrons to transmit through a thin sample and then the signal received is processed for projection onto a viewing screen for observation. 154 Therefore, a thin sample is preferable for TEM analysis. TEM characterization is very important in graphene research due to its ability to image graphene at the atomic level;
155 for instance, for point defects, Stone-Wales rotation, vacancy, dislocations and many more.
156
Monolayer graphene can be regarded as a transparent sheet using TEM characterization. The low-and high-magnication TEM images of a monolayer graphene lm transferred onto a TEM grid are shown in Fig. 43(a) and (b) , respectively, together with the corresponding selected area electron diffraction (SAED) pattern (inset). 148 Monolayer graphene can be identied from the TEM image, as displayed in Fig. 43(b) , whereas the SAED pattern (inset in Fig. 43(b) ) reveals the typical hexagonal crystalline nature of graphene. In addition, 2-7 graphene layers can be clearly seen in the TEM micrographs in Fig. 44(a)-(f) . The SAED patterns shown in Fig. 44(g)-(i) are irregular, and the bilayer graphene, trilayer graphene and ve-layer graphene lms cannot be justied based on these patterns. Thus, other characterizations, such as Raman spectroscopy, are crucial to support the TEM results. Fig. 45(a) shows the TEM micrographs of graphene growth by using ethanol as a carbon precursor via the CVD process. The produced graphene lm was well formed and continuous on the microscopic scale. Fig. 45(b) and (d) display the folded edges of the graphene lms (monolayer and bilayer graphene, respectively), which enable the number of layers of the graphene membrane to be estimated. Besides, the SAED analysis in the inset images shows that the graphene sheets produced were polycrystalline.
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Single-layer graphene sheets can also be synthesized by using zeolite Ni-MCM-22 as both the template and catalyst. Fig. 46 shows the TEM image of the agglomerated graphene sheet, while the inset image shows the single-layer graphene. It can be seen under TEM observation that the graphene materials are transparent and interlaced nanosheets. Furthermore, it was proven that the synthesized nanosheets of the graphene materials were at and ultrathin.
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To analyse the crystallinity of the graphene territories, selected area electron diffraction (SAED) patterns were identied from six different areas (1-6) of the graphene region in Fig. 47(a) . Fig. 47(b) shows a cracked site of the graphene region. Fig. 47(c) displays the existence of single-layer graphene. As seen in Fig. 47(d) , all the scanned six regions were identied as single-crystalline graphene due to there being only one set of hexagonal diffraction spots without rotation shown. Therefore, the whole graphene region as marked by 1-6 in Fig. 47(a) comprises a single crystalline lm. 157 
UV-vis spectroscopy
UV-vis spectroscopy measures the absorption and reectance of radiation in the UV spectral range. The atoms or molecules in the tested material absorb light in the visible, near UV and infrared regions through the electronic transitions. When the attenuation of the beam is increased, the absorbance of the sample solution will also be increased. The absorbance depends on the concentration of the solution, as stated by Beer's law. 158-160 Normally, UV-vis is used to characterize the optical transparency of graphene lm by measuring the transmittance or absorbance characteristics of a sample. 161 An absorption or transmittance spectrum displays a number of absorption or transmittance bands corresponding to the transition of an electron from the lowest energy state to the excited state.
162
Therefore, the UV-vis spectrum could be used to investigate the properties of produced graphene layers.
159
UV-vis characterization can be performed to conrm that GO has reduced to reduced graphene oxide (RGO) successfully, where the attached oxygen-based functional groups at the basal plane surfaces and edges of GO are removed to obtain the RGO. 163 Typically, GO has an absorption spectrum peak at 230 nm, which is attributed to p-p* transition caused by the aromatic ring (C-C), whereas RGO shows a peak that is redshied to 270 nm because of n-p* transition by the carbonyl bonds (C]O).
164,165 Fig. 48 shows the absorbance of RGO synthesized at different reaction times. It can be clearly seen that the absorption spectrum peak of RGO that appeared at 231 nm is gradually red-shied to 270 nm with the increasing reaction time. When the absorption peak was shied to more than 270 nm, this indicates the completion of the reduction of GO to RGO. It also shows that the synthesis of RGO is chemically controllable for modication of its optical and electrical properties.
166
In addition, UV-vis spectroscopy could be used to assist in verifying the number of graphene layers. Fig. 49(a) illustrates the different spectra for the optical transmittance of 1 to 5 graphene layers. 167 The increasing number of graphene layers reduces the optical transmittance. In particular, a lesser quantity of light can transmit through a thicker graphene lm. In Fig. 49(a) , the green spectrum relates to the transmittance of bare quartz where the graphene lm was deposited for the measurement. The transmission of all the samples decreased from a wavelength of 250 to 300 nm and then became linear from 600 to 1000 nm. 167 In addition, investigation of monolayer graphene was also reported by Ago et al. 168 The approximation of the layer number of a graphene sample according to the I 2D / I G ratio and the broadness of the 2D band from Raman spectrum is not sufficient or precise as unexpected doping might have occurred in the graphene sample in the middle of the growth and transfer operations. This unintentional doping of graphene can alter the I 2D /I G ratio and lead to the wrong information being obtained about the quality of the graphene lm. Moreover, the 2D band of bilayer graphene can have a relatively narrow line width of 30-40 cm À1 , which is very small to be observed and can mislead the estimation of the number of graphene layers. Hence, Hiroki and co-workers utilized UV-vis spectroscopy to verify that the transferred graphene lm was single-layer graphene by measuring the light transmittance. The results showed that the optical transmittance was ca. 2.2% at 550 nm, which is commensurate with the hypothetical value of monolayer graphene, i.e. 2.3%. Therefore, the transferred layer could be veried as single-layer graphene by the supporting optical transmittance from the UV-vis spectroscopy analysis. Furthermore, Fig. 49 (b) displays a similar optical transmittance value of the monolayer by S. Bae et al. as well. 100 Further increases in the number of graphene layers reduces the optical transmittance by approximately 2.2-2.3% per layer, which is in agreement with the aforementioned optical transmittance value.
In addition, graphene lm is very useful in solar cells and optoelectronics applications because of its excellent optical transmittance and electrical conductivity, which make it a promising successor to substitute the currently used materials, i.e. indium tin oxide (ITO) and uorine tin oxide (FTO). Moreover, Dodoo-Arhin et al. 169 demonstrated the excellent properties of graphene by investigating and comparing the optical transmittance of graphene lm and of a conventional transparent electrode, ITO. Graphene had a higher optical transmittance of 97.7% compared to ITO with a value of 90.5% as well as a lower sheet resistance than ITO lm. Thus, graphene can allow light to pass through, while simultaneously possessing a better electrical conductivity. These unique properties are particularly essential in photovoltaic applications.
XRD
XRD, also called 'X-ray crystallography', can be used to study the crystallinity, atomic arrangement, crystallite size, imperfections and other aspects of a material's structure. A crystalline material in its crystal lattice is classied by its orderly, continuously repetitive arrangements of planes of atoms. 170 X-rays from an XRD instrument are transmitted, absorbed, refracted, scattered and diffracted. 171 A unique diffraction spectrum is produced when X-rays from an XRD instrument are emitted on a crystalline material.
172 Furthermore, the separation of the planes of atoms in a material can be calculated according to Bragg's law. 170 Similar substances produce similar XRD spectra, hence a unique XRD pattern can be viewed as the ngerprint reference to identify a substance. 173 Each substance in a mixture of substances gives individual diffraction patterns independently of the other components. For the characterization of graphene, although XRD can be utilized as a characterization tool, it is not an ideal tool to dene monolayer graphene. Nevertheless, XRD characterization is helpful in determining monolayer graphene.
Naebe et al. 174 functionalized and characterized thermally reduced graphene nanoplatelets, which have signicantly improved thermal stability and mechanical properties compared to GO. The XRD results displayed graphite, GO, thermally reduced graphene (TRG) and functionalized graphene (FG), as shown in Fig. 50(a) . A sharp diffraction peak at 2q illustrated by pristine graphite is commensurate with the plane (002) well-ordered carbon atoms with an interlayer spacing of 3.35Å. However, the well-ordered graphite peak at 26.5 disappeared, while a lower peak was seen at 2q ¼ 10.5 , which signies the diffraction of the (002) GO plane with a calculated interlayer spacing of 8.41Å. This implies that large amounts of oxygen atoms are incorporated at the GO surface and thus, the GO interlayer spacing is expanded. The elimination of oxygen functional groups in GO in the high-temperature process resulted the disappearance of the (002) peak and the formation of thermally reduced graphene sheets. Wang and coworkers 175 also reported that the 2-5 reduced graphene layers had no (002) peak aer microwave irradiation treatment or other distinct peaks, as seen in Fig. 50(b) .
AFM
AFM can be utilized for the characterization of samples with dimensions in the nanometre range in different conditions, i.e. normal atmosphere, liquids and ultrahigh vacuum. 176 A nanometre-sharp AFM tip made by micro-fabricating technology is attached to the free edge of an adjustable cantilever, which is the transducer to sense the tip on the sample. 177 You et al. 178 measured the thickness and the surface roughness of graphene lm using AFM for gas sensor applications to determine the best growth condition. Fig. 51 shows the graphene lms produced on four different substrates that were characterized by AFM tapping mode. It was found that among all the samples, a longer CVD reaction time increased the surface roughness and the thickness of the graphene layer due to more graphene layers being formed. Gao et al. performed graphene synthesis on a palladium (Pd) substrate by a surface segregation technique, 85 with Fig. 52 displaying the AFM images indicating the lm thickness and surface morphology of the graphene layer on Pd substrate surface. It can be seen that a uniform graphene lm enclosed the Pd substrate completely, as illustrated in Fig. 52(a) and (b) . Nonetheless, it was also observed that there were some carbon nanowires present on top of the graphene layer because of 3D carbon growth. The border of the sample shows the discontinuity of graphene, where a graphene area and uncovered Pd(111) surface can be seen in Fig. 52(c) . The thickness of the line prole from Fig. 52(c) was measured to be approximately 0.40 nm, which is in agreement with the theoretical thickness of a monolayer graphene. AFM represents an effective technique to justify the thickness of graphene layer. Liu's group 90 produced few-layer graphene by exfoliating expandable graphite in supercritical N,Ndimethylformamide (DMF) solvent. Fig. 53(a) and (b) show the graphene layers imaged by AFM tapping mode and the line proles in the AFM images. It can be observed from the AFM images that the sizes and thicknesses vary, whereas most of the areas of all the synthesized few-layers graphene sheets were around 3 nm. On the other hand, Fig. 53(c) and (d) illustrate the AFM topography photographs of the exfoliated few-layers graphene. The height of the exfoliated few-layers graphene sheet is about 1.2 nm, which suggests it should be considered as singlelayer graphene.
6 Growth mechanism of single-layer graphene
Differences between segregation-precipitation and surface adsorption
For the huge-scale production of monolayer and few-layers graphene lms, CVD has been the most common choice to date. The growth mechanism of graphene lm relies upon the types of metal catalyst utilized for growing the graphene layer.
Two types of graphene growth mechanisms via CVD, namely surface adsorption and segregation followed by a precipitation process, have been proposed in the literature recently.
21,179
Fig . 54 illustrates the common ow to obtain a graphene layer by the segregation/precipitation process and by the surface adsorption process via CVD. 180 The segregation and precipitation process happens when carbon atoms diffuse into the metal catalyst at high temperature, and consequently, the diffused carbon atoms segregate onto the metal catalyst surface used and precipitate during the cooling period.
14, 181 The segregation process begins when the quantity of carbon atoms in the bulk metal is sufficiently high or in the middle of the cooling step, and eventually the carbon species are arranged in such a way that the hexagon structure of a graphene basic unit is organized to form a graphene layer. 21 However, surface adsorption occurs when the hydrocarbon dissociates and the carbon atoms stay on the metal substrate surface without segregating and precipitating. The precipitation and segregation graphene growth mechanism occurs with metal substrates with great carbon solubility, which allows the carbon species to diffuse and disperse into the metal catalyst substrate. 21, 182 On the other hand, surface adsorption typically occurs in metal substrates with low carbon solubility, such as copper. 
Nickel substrate
Nickel (Ni) is one of the most common transition metal substrates utilized to grow carbon nanomaterials. The formation of graphene lms on Ni surface by the segregation and precipitation process takes place due to the high carbon solubility in Ni. The reported carbon solubility of Ni lm of approximately 700 nm thickness is 0.9% and 1.15% at 900 C (ref. 182 ) and 1000 C, 183, 184 respectively. Before the segregation and precipitation processes occur, carbon species dissociate from the hydrocarbons and diffuse into the bulk Ni substrate. Subsequently, the formation of a graphene layer on the Ni substrate surface occurs during the cooling step by segregation of the saturated carbon atoms, immediately followed by precipitation of the carbon atoms. This precipitation process results in the formation of a graphite layer, which causes high carbon solubility metal inappropriate to achieve monolayer graphene. 182 Recently, Momiuchi's group 185 observed the dissolved carbon atoms segregate onto the at polycrystalline substrate surface from the bulk Ni substrate during the segregation process by utilizing in situ SEM. The nucleation sites are favourable to occur on large Ni(111)-oriented grains and they possess step-bunched structures.
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In addition, Li et al. 182 employed mixed carbon isotopes labelling to show that the segregation and precipitation of carbon would occur on a Ni substrate aer the dissolution of carbon isotopes. The schematic diagram, as shown in Fig. 55 , distinctly displays that a uniform mixture of carbon isotopes was obtained aer consecutive isotopic carbons were introduced. Thus, a graphite layer could be formed when too many carbon atoms are precipitated aer the segregation of the rst graphene layer. 21, 182, 186 Therefore, it would be possible to synthesize monolayer graphene on a Ni substrate by suppressing the amount of carbon atoms available for precipitation in fast cooling aer the CVD process. Umair and Raza 187 found that an ultra-fast cooling method, involving a quenching technique, can obstruct the precipitation of extra carbon atoms onto the nickel surface and hence, can reduce the number of graphene lms produced. 188 Besides, an instant decrease in the sample temperature can inhibit the further segregation process of carbon atoms to form bilayer graphene. 188 
Nickel/molybdenum substrate
In a recent study, Lee et al. 179 compared the graphene growth mechanism using a few types of metal catalyst substrates, namely pure nickel metal lms, nickel sheets deposited on molybdenum (Ni/Mo) and platinum sheets. In agreement with the ndings of Ahmad et al., Lee and co-workers concluded that the precipitation and segregation of carbon atoms do happen in the graphene synthesis using Ni substrates. Moreover, under an exceedingly low methane gas ow rate and reaction time, carbon atoms preferably precipitate along the Ni grain boundary rather than via surface diffusion, thus resulting in a partial growth of graphene. Fig. 56 shows the optical images of the partial synthesis of a graphene layer on Ni/SiO 2 /Si substrates under a short growth duration of 30 s, a low CH 4 ow rate of 2 sccm and a rapid cooling process (8 C s À1 ). The grain boundaries of the Ni substrate and monolayer graphene on the Ni lms can be clearly seen in Fig. 56(b) and (c), respectively, which agree with the Raman results. Besides that, when the cooling process of the Ni substrate was prolonged to induce a sufficient diffusion of carbon atoms, fewlayered graphene structures were detected at the Ni grain boundaries. 179 This is in agreement with previous research stating that the grain boundaries tend to facilitate the paired processes of the segregation and precipitation of carbon species on a Ni surface and the subsequent formation of multilayer graphene. 189 Besides, it was discovered that monolayer and bilayer graphene are more preferably formed on a single-crystal Ni surface than on polycrystalline Ni because of the absence of grain boundaries.
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In addition, Lee and colleagues 179 also reported that when Ni/Mo substrates were used, the dominant graphene growth mechanism was adsorption driven. The dissolved carbon atoms formed molybdenum carbide, Mo 2 C, to prevent the huge amount of carbon diffusion to the Ni/Mo surface. The results demonstrated that monolayer graphene lms can be obtained relatively easy over a broad range of growth conditions by suppressing the carbon precipitation from the bulk to the surface via the formation of Mo 2 C. The AFM results in Fig. 57 show a smooth surface and a lack of multilayer graphene along the grain boundaries, which indicates there was no preferential precipitation of carbon at the grain boundaries. In addition, Dai et al. 190 also demonstrated that Ni/Mo suppressed the carbon precipitation process by establishing a rm metal carbide and inducing the formation of monolayer graphene. Besides the Ni/ Mo alloy, other alloys, such as cobalt-molybdenum (Co-Mo), which contains an active catalyst component, can strictly produce single-layer graphene lm, as reported in the same study.
Platinum substrate
Graphene lm is believed to be grown on a platinum (Pt) substrate by a precipitation and segregation process 115, 191, 192 due to the great carbon solubility of 0.9 at% in the Pt substrate at 1000 C, 193 which is slightly below the carbon solubility of Ni (1.15 at%). In contrast, Lee et al.
179 discovered that graphene lm was formed on a Pt substrate by an adsorption process, then followed by a carbon precipitation mechanism. The OM and AFM results reveal obvious grain boundaries and a huge grain size on the Pt sheets, as shown in Fig. 58 . It was mentioned previously in the past study 189 that multilayer graphene lms are expected to grow on Pt along the grain boundaries if the dominant growth mechanism on Pt is a precipitation-related processes. However, the synthesized monolayer graphene lm was smooth and had an absence of multilayer graphene sheets. Hence, Lee's group concluded that surface adsorption is more dominant in graphene synthesis on a Pt substrate. Besides, Lee et al. 179 also demonstrated that the precipitation of the remaining carbon from the previous growth led to the formation of graphitic akes aer continuous thermal annealing of the Pt substrate. The graphical illustration in Fig. 59 shows the step ow of the graphene layer formation and graphitic akes via carbon precipitation mechanism on Pt substrate.
Sun et al. 194 discovered that a sequence of surface catalysis and carbon segregation occur on a platinum (Pt) substrate in CVD. This catalysis process on the surface induces the selflimiting formation of single-layer graphene at high temperature, while the segregation process produces multilayer graphene at low temperature during the graphene synthesis process. Besides, Sun's group proposed the main processes that are taking place during graphene synthesis are graphene deposition, absorption and segregation, as depicted in Fig. 60 . A graphene layer will be formed when the deposition rate is higher than the absorption rate. In addition, two different regimes were suggested, namely the balance regime and segregation regime. The balance regime refers to a kinetic balance dissolution, and the formation of graphene occurs when the deposition rate equals the absorption rate. On the other hand, in the segregation regime, the segregation rate is higher than the absorption rate that arises in the synthesis of multilayer graphene from underneath the existing formed graphene layer.
Copper substrate
Copper (Cu) is a common metal substrate, where the surface adsorption mechanism is dominant due to its low carbon solubility of 0.02 at% as reported. 184, 195 In contrast to the segregation and precipitation mechanisms that occur on Ni substrates, graphene is formed on a Cu substrate without the dissolution of carbon species into the bulk Cu substrate. Therefore, a high-quality and homogenous single-layer graphene lm can form on a Cu catalyst substrate via this surface adsorption mechanism, as shown in Fig. 61 . 113, 196 The formation of the rst layer of graphene lm covering the surface of the Cu substrate can inhibit the exposure of the catalyst to induce further dissociation of the hydrocarbon gas precursor plus the growth of graphene underneath the rst layer graphene. 196, 197 Furthermore, this surface adsorption mechanism is self-limiting, 196 which is evidenced by the carbon isotope labelling from the hydrocarbon precursors. 182 Li et al. proposed a surface adsorption mechanism in the Cu substrate, as shown in the schematic diagram in Fig. 62 . 7 Growth mechanism of multilayer graphene Kalbac et al. 198 proposed that the growth of graphene on a Cu substrate is initiated via the formation of a multilayer graphene cluster and removal of the upper layers by hydrogen etching. The growth of upper graphene layers is slower than the underneath layer due to the exposure of the upper layers to the hydrogen etching process. In addition, Liu et al. 199 demonstrated the growth of a multilayer graphene lm and large-dimension single-crystal single-layer graphene on a Cu substrate via the CVD method. A growth mechanism of multilayer graphene called the 'on-top growth mechanism', as shown in Fig. 63 , was proposed by Liu and co-workers. The annealing step of the Cu foil at a high temperature can generate some Cu oxide nanoparticles, as depicted in Fig. 63(b) . These Cu oxide nanoparticles work as nucleation sites for the graphene layer to grow and limit the density of the graphene domains in different concentrations of hydrogen. The uppermost graphene layer's growth speed is greatly inuenced by the hydrogen concentration, which agrees well with Kalbac's group. 198 When the hydrogen concentration is high, the growing speed of the bottom graphene layer nearest to the Cu catalyst surface is faster than the top layer graphene due to the hydrogen etching process and eventually single-crystal single-layer graphene can be produced. On the other hand, when the hydrogen concentration is low, the bottom and top graphene layers grow at a comparatively similar speed. Hence, the synthesis of better quality multilayer graphene was achieved using a low hydrogen concentration.
Aer the rst layer of graphene emerges on the Cu substrate surface, a second graphene layer underneath the rst layer possibly grows via a growth mechanism called the 'penetration growth mechanism', as proposed by Wu et al.
200 Fig. 64 shows a three-step process to attain bilayer graphene with great quality. The carbon atoms were transported to the interface of graphene and copper via an atom-exchange process, and these carbon atoms are responsible for the emergence of the second graphene layer growth underneath the rst one. Once the second graphene layer was formed, the penetration of carbon atoms through the formed graphene was restricted. Hence, the third graphene layer growth was stopped. On the other hand, Wu and co-workers 201 suggested that multilayer graphene was grown by diffusion through graphene edges to form a graphene stack, as shown in Fig. 65 . The growth model described the growth mechanism model of subsequent graphene layer formation by the graphene nuclei. In this proposed model, the process is continued with the same manner but with a lower carbon feeding rate due to the constrained diffusion of carbon atoms into the lower graphene layer, which is opposite to the reports from previous studies. 198, 199 Thus, multilayer graphene contains smaller layers enclosed entirely on a larger graphene layer, as shown in Fig. 65(1) .
Besides this, the synthesis of multilayer graphene enclosing copper nanoparticles in a huge scale was reported by Wang's group 202 through a novel mechanism called the 'coalescence mechanism'. The reported synthesis involved a single-step metal-organic CVD process to produce graphene/copper shell/ core nanoparticles, as shown in Fig. 66 . The encapsulated copper nanoparticles were produced by using analytical copper(II) acetylacetonate (Cu(acac) 2 ) powder. Before the production of the graphene/Cu shell/core nanoparticles, there were 4 stages in the synthesis process: (1) synthesis and carrying of gaseous Cu(acac) 2 to the reaction area, (2) deformation of Cu(acac) 2 to produce small C/Cu nanoclusters, (3) bigger C/Cu agglomerates are formed from the aggregates of the C/Cu n nanoclusters and (4) synthesis of the graphene/Cu shell/core nanoparticles (Fig. 66) . This mechanism has different explanations regarding the dissolution and subsequent segregation and precipitation approach of carbon species with cobalt, iron or nickel nanoparticles to produce graphene/metal shell/core nanoparticles.
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In addition, plasma-enhanced (PE)-CVD is another route to synthesize graphene on a Cu substrate. Instead the synthesis of carbon nanowalls (CNWs) by PE-CVD is more common, where the formation of graphene was evidenced in the PE-CVD process at a comparably low reaction temperature, i.e. 500 C. 204 In contrast to the thermal CVD process, the dissociation of carbon precursors can hardly take place at this low reaction temperature. On the contrary, C 2 radicals were formed in the plasma and deposited on the Cu surface for the emergence of a graphene layer in PE-CVD at a reaction temperature as low as 500 C. Moreover, the C 2 radicals maintain the growth rate of graphene even aer formation of the initial layer. In the growth of the second graphene layer, the C 2 and CH radicals accumulate at the edge of graphene, where the C 2 radicals take part in the graphene growth, while the CH radicals hinder the expansion of the sp 2 network.
Besides PE-CVD, Wang's group demonstrated radio-frequency (RF)-PE-CVD 205 to grow graphene layers on polycrystalline cobalt (Co). It was evidenced previously that graphene growth via the segregation and precipitation process typically occurs on metals with high carbon solubility, for example Ni, whereas the surface adsorption process happens on metals with low carbon solubility, like Cu. Thus, Co has a carbon solubility of 4.1 at%, which supports the segregation and precipitation process taking place preferably in the graphene growth on Co. 206 However, a straightforward growth mechanism of carbon on the Co lm surface is more dominant than the precipitation mechanism, as shown in Fig. 67 . The proposed direct growth mechanism is very similar to the model of PE-CVD suggested by Tomo-o Terasawa and Koichiro Saiki.
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Apart from this, a graphene layer was successfully synthesized on copper foil at atmospheric pressure via a CVD approach, as reported by Zhang et al.
207 Fig. 68 depicts the graphene formation under ambient pressure (AP) CVD conditions, which was elucidated by a combination of surface adsorption and epitaxial growth mechanisms. At rst, the hydrocarbon was dissociated and move freely onto the copper foil. This was followed by the nucleation of the graphene grains, and graphene growth at the imperfections on the copper foil, such as folds and step edges. At the same time, carbon-copper alloyed nanoparticles were formed around graphene grains when carbon species were adsorbed on the copper surface. In Fig. 68(b) , the dimension of the graphene grain was extended at the edge with enough carbon atoms supplied from the neighbouring C-Cu alloyed nanoparticles. With carbon species of great concentration, the second graphene layer grows atop the existing one via an epitaxial growth (Fig. 68(c) ). Finally, a desired number of graphene layers can be synthesized based on controlling the growth duration.
Real-time and in situ observation of graphene growth
This technique is very useful to record a series of pictures or videos on the real-time growth of graphene at the nanometre scale. Low-pressure CVD was used to grow graphene in an environmental SEM (ESEM), and it was demonstrated that the growth at high temperature happened on a pre-melted and extremely dynamic copper surface, which was greatly affected by the copper grain orientation, temperature and atmosphere. 208 Furthermore, in situ ESEM has the advantages for researchers to image the formation of graphene sheets on a metal substrate and to study the kinetics and mechanisms in a novel and unparalleled way.
208 Fig. 69 shows in situ SEM pictures recorded at 1000 C during low-pressure (LP)-CVD conducted at different times duration. Besides, Yan et al. 209 observed the dissolution of carbon in liquid copper (silver) at 1300 C (1200 C) and then precipitation out as graphene on liquid copper (silver) surface at 1130 C or 1090 C (1000 C). Monolayer and multilayer graphene were formed in different manners, where multilayer graphene was observed with a hexagonal structure between the liquid copper surface and the monolayer graphene, and the multi-layers were grown beneath the monolayer graphene. A similar dissolution and precipitation mechanism was shown as well by Zhang et al. 210 They reported success in the transformation of an amorphous carbon layer through the pyrolysis of solid carbon sources into graphene on silver nanoparticles (Ag NPs) and microparticles (Ag MPs) and copper nanoparticles (Cu NPs) with the addition of a moderate concentration of FeSO 4 to avoid the synthesis of stretched graphene. In Fig. 70 , the growth mechanism of a graphene nanoisland on a single metal nano-catalyst is elucidated to provides further understanding of mechanism.
The heterogeneous nucleation and formation of graphene from Au nanoparticles seeds was observed using an in situ heating holder inside an aberration-corrected TEM. 211 The edge growth and formation of a second layer beneath the rst layer were seen at high magnication (Fig. 71) . The mechanism was named as the 'growth front propagation' by Gong's group 211 to describe the process of carbon deposition and indentation lling to keep a homogenous growth at the lowest energy.
The presence of oxygen species in the low-pressure or atmospheric-pressure environments of CVD and Cu foils play an important role in graphene growth. 212 Typically, most researchers use hydrogen to remove the oxide layer of copper foil in order to get pure Cu for graphene growth. However, Liang's group 212 discovered that oxygen at Cu sites facilitates the formation of graphene, which has also been reported by many other researchers.
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Fig . 70 Schematic of the growth of the graphene nanoislands on a single metal nanocatalyst. This figure has been adapted/reproduced from ref. 210 with permission from Elsevier. Growth mechanism of the graphene nanoisland on a single metal nanocatalyst: (1) carbon atoms diffuse along the metal nanocatalyst surface; (2) catalytic growth of graphene nanoislands on the metal catalyst surface; (3) carbon atoms diffuse into the metal catalyst body; (4) carbon atoms migrate in the metal catalyst; (5) precipitation of carbon atoms when the solid solubility limit is reached; (6) growth of graphene nanoislands through realignment of carbon atoms.
Conclusions
Graphene research has surged dramatically since a graphene layer was rst separated by utilizing the 'Scotch tape' method due to graphene's unique properties and features. Nowadays, the increasing amount of publication articles related to graphene research, as stated in the ISI Web of Knowledge, indicates that graphene is currently gaining large interest from all around the world. In this in-depth review, the recent developments in graphene research have been reviewed. Including the synthesis, characterization, transfer techniques and growth mechanisms of graphene layers. For graphene synthesis, we reviewed different forms of carbon precursor sources, such as solid, liquid, and gaseous, used to synthesize graphene sheets by CVD. Apart from the CVD technique, a variety of different novel synthesis methods have been presented in this review. The results show that these techniques are capable of synthesizing high-quality monolayer graphene sheets. However, more effort is still needed to improve on the graphene synthesis techniques in terms of scalability and cost effectiveness in order for them to be used in different industrial applications. Given the many different potential applications of graphene, i.e. photovoltaic cells, composite materials, battery storage and biosensors, graphene is expected to bring a large impact to the world of industry as well as to academy with its peculiar and extraordinary properties in the near future. Furthermore, Ruan et al. 28 successfully demonstrated the use of food, insect and waste to synthesize graphene, which provides an excellent way to reduce waste on our planet by transforming the waste into graphene. Therefore, the large-scale production of graphene could utilize a huge amount of waste materials, which could be practised in industries in many countries.
In addition, transferring graphene sheets to the desired substrate aer the graphene growth is a crucial step as it could affect the quality of the transferred graphene and could represent the connecting platform between production and the application of graphene. Improper execution of the graphene transfer process can induce cracks and damage to the graphene layer, which will result in malfunction of the application devices. Therefore, a high quality of transferred graphene is the primary aim of all the transfer methods. Currently, the transferfree growth method of graphene sheets shows promise as a straightforward synthesis of a graphene layer atop the desired substrate without the need for a catalyst and transfer of the graphene. Operating without this transfer step can simplify the graphene production process and reduce the chances of graphene degrading during the transfer step. However, this promising method is only in the preliminary stages, and further research and developments are necessary to apply it to industrial-scale production. Thus, the current graphene transfer process is still an essential process in the application of graphene. Besides, the cost of the transfer process is also a factor to be considered in the practical industrial applications.
We have also reviewed the characterization methods of graphene, including Raman spectroscopy, SEM, TEM, UV-vis spectroscopy, XRD and AFM. All these methods are the core characterization methods to investigate the properties of graphene sheets. Therefore, we have summarized each of the characterization methods for the ease of readers to determine the quality, number of graphene layers and surface morphology of the graphene lms.
The growth mechanism of graphene layers could be classied into three different categories depending on the carbon solubility of the material. For high carbon solubility materials, graphene grows based on the segregation and precipitation process, whereas the surface adsorption process occurs for low carbon solubility materials. However, there is also an exception when graphene grows on a high carbon solubility of platinum, where the surface adsorption happens before the carbon precipitation process. In spite of the large number of graphene growth mechanisms reported, no single growth model can explain both single and multi-layered graphene growth. Gaining a greater understanding and controlling the synthesis process will be the key to further breakthroughs in these growth mechanisms. Therefore, the full exploration and reasonable cooperation between the world of industry and academy could establish a well-agreed graphene growth mechanism. The realtime and in situ observations can help researchers to gain a closer look at the changes inside the reaction chamber during the growth of graphene. Therefore, the collected information could be used to improve the existing graphene growth mechanism.
